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The  corrosion  of  the  carbon  support  during  start-up  and  shut-down  of  polymer  electrolyte  fuel  cells  was 
systematically  quantified  to  elucidate  effects  related  to  the  propagation  of  the  gas  front  through  the 
anode  compartment  and  to  determine  the  influence  of  relevant  operating  parameters.  Measurements 
with  different  reactant  gas  concentrations  and  gas  flow  rates  suggest  that  the  gas  exchange  process  is 
dominated  by  a  homogeneous  displacement  of  the  anode  gas  in  case  of  start/stop  operation  at  OCV.  The 
influence  of  additional  effects  such  as  direct  recombination  of  hydrogen  and  oxygen,  diffusion  on  the 
channel  and  land  scale  and  pseudocapacitive  effects  seems  to  be  negligible  under  the  investigated 
conditions.  With  an  external  load  applied  during  the  gas  exchange  process  (discharge  mode),  shut-down 
induced  carbon  corrosion  strongly  differs  from  the  behavior  at  OCV.  The  virtually  constant  corrosion 
rates  obtained  below  a  critical  purge  gas  flow  rate  in  the  discharge  mode  are  attributed  to  a  significant 
contribution  of  electrochemical  hydrogen  consumption.  Temperature  and  humidity  variation  measure¬ 
ments  demonstrate  that  the  carbon  corrosion  behavior  during  real  start/stop  processes  can  differ 
considerably  from  the  correlations  obtained  under  controlled  potential  conditions  in  H2/N2  mode.  Thus, 
potential  cycling  experiments  only  provide  limited  information  about  start/stop  durability  under 
application  relevant  conditions. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Carbon  corrosion  induced  deterioration  of  the  porous  catalyst 
layer  structure  can  strongly  affect  the  performance  of  polymer 
electrolyte  fuel  cells  (PEFCs).  While  carbon  corrosion  under 
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ordinary  PEFC  operating  conditions  is  usually  considered  to  be 
negligible,  the  elevated  potentials  occurring  at  the  positive  elec¬ 
trode  during  fuel  cell  start-up  and  shut-down  can  strongly  accel¬ 
erate  corrosion  induced  degradation.  In  the  commonly  used 
approach,  the  hydrogen  present  at  the  anode  during  ordinary  PEFC 
operation  is  replaced  by  air  to  shut-down  the  fuel  cell,  and  vice 
versa  for  start-up.  During  this  process,  a  hydrogen/air  front  is 
formed,  which  propagates  through  the  anode  compartment  of  the 
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cell.  The  resulting  temporary  coexistence  of  hydrogen  and  oxygen 
at  the  negative  electrode  divides  the  cell  in  two  sections  [1].  The 
section  with  hydrogen  present  at  the  negative  electrode  acts  as 
a  power  source,  which  polarizes  the  electrodes  in  the  air/air 
section,  thereby  driving  the  potential  at  the  positive  electrode  to 
values  significantly  exceeding  the  effective  oxygen  potential  of 
approximately  1  V.  Besides  the  acceleration  of  the  electrochemical 
dissolution  of  platinum,  these  elevated  potentials  can  cause  severe 
corrosion  of  the  carbon  nanoparticles  acting  as  support  material  for 
the  fuel  cell  catalyst  (cf.  Equation  (1 )).  As  a  consequence,  the  highly 
porous  catalyst  layer  structure  can  undergo  substantial  changes, 
which  strongly  affect  the  performance  of  the  fuel  cell  [2,3]. 

C  +  2H20  ->  C02  +  4H+  +  4e”  (1 ) 

Due  to  the  dynamic  interaction  of  the  hydrogen/air  and  the  air/ 
air  section  of  the  fuel  cell,  the  potential  conditions  during  the 
purging  process  are  of  high  complexity.  To  allow  a  precise  control  of 
the  corrosion-relevant  parameters,  the  potentials  developing  at 
the  positive  electrode  are  therefore  typically  simulated  by  applying 
either  a  constant  or  cyclic  external  voltage  to  a  cell  operated  in  H 2/ 
N2  mode  [4-17].  This  simplified  approach,  however,  which  is 
essential  to  identify  fundamental  corrosion  mechanisms,  cannot 
provide  information  about  effects  related  to  the  propagation  of  the 
hydrogen/air  front  through  the  anode  compartment.  Since  the 
replacement  of  the  anode  gas  is  a  crucial  process  determining  the 
duration  of  the  detrimental  potential  conditions,  a  comprehensive 
understanding  of  start/stop  induced  fuel  cell  degradation  thus 
additionally  requires  a  systematic  analysis  of  parameters  influ¬ 
encing  the  gas  exchange  process. 

In  several  studies,  the  processes  occurring  during  the  propaga¬ 
tion  of  the  hydrogen/air  front  were  investigated  by  measuring  local 
current  densities  both  along  the  direction  of  the  flow  field  [18-21  ] 
and  on  the  channel  and  land  scale  [22].  This  approach  offers  the 
advantage  of  monitoring  the  gas  exchange  process  with  a  good 
temporal  and  spatial  resolution.  A  direct  correlation  between 
current  density  and  carbon  corrosion,  however,  is  not  possible. 
Besides  the  contribution  originating  from  carbon  corrosion,  the 
total  current  density  comprises  charging  of  the  electrochemical 
double  layer,  oxidation  of  the  platinum  catalyst  particles  and  the 
oxygen  evolution  reaction.  Since  a  precise  discrimination  between 
the  different  sources  is  not  feasible,  the  determination  of  local 
current  densities  can  thus  only  provide  a  rough  estimate  regarding 
the  influence  of  different  operating  parameters  on  the  carbon 
corrosion  rate. 

The  commonly  used  method  to  directly  quantify  the  amount  of 
corroded  carbon  is  to  monitor  the  C02  concentration  in  the  exhaust 
gas  of  the  positive  electrode  (cf.  Equation  (1)).  Although  this 
method  has  been  applied  by  several  groups  [4-9,12-14,23-29],  no 
comprehensive  study  of  parameters  influencing  the  carbon  corro¬ 
sion  behavior  during  fuel  cell  start-up  and  shut-down  by  purging  of 
the  anode  compartment  has  been  published  so  far. 

In  this  study,  the  amount  of  evolved  C02  was  systematically 
quantified  to  elucidate  effects  related  to  the  propagation  of  the  gas 
front  through  the  anode  compartment  and  to  analyze  the  influence 
of  important  operating  parameters  under  real  start/stop  conditions. 
Although  the  integral  determination  of  carbon  corrosion  rates 
cannot  provide  local  information,  measurements  with  different  gas 
flow  rates  and  reactant  gas  compositions  allow  conclusions  about 
effects  occurring  along  the  direction  of  the  flow  field. 

2.  Experimental 

All  measurements  in  this  study  were  performed  using  a  single 
cell  design  with  16  cm2  active  area  with  parallel  flow  field  (Fig.  1). 
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Fig.  1.  Geometry  of  the  single  cell  used  in  this  study.  The  parallel  flow  field  consists  of 
24  straight  channels  of  1  mm  width  and  1  mm  depth,  with  a  land  width  of  1  mm.  The 
active  area  is  16  cm2.  Gas  inlets  are  at  the  top,  outlets  at  the  bottom  (co-flow  mode). 

The  cell  was  operated  in  co-flow  mode  with  gas  inlets  at  the  top. 
The  volume  of  the  flow  channels  in  the  active  area  is  0.816  mm3. 
This  value  is  used  later  to  estimate  the  residence  time  of  the  gas 
front  in  the  cell.  Gas  diffusion  electrodes,  supplied  by  Johnson 
Matthey  Fuel  Cells  (Swindon,  UK),  consist  of  a  Toray  TGP-H-060 
carbon  paper  backing,  which  is  coated  with  a  microporous  and 
catalyst  layer  (0.4  mgPt/cm2,  60%  Pt/C  on  high  surface  area  carbon). 
The  porosity  of  the  Toray  paper  is  74-80%  and  the  thickness  of  the 
electrode  192  ±  6  pm  in  uncompressed  state.  At  a  typical 
compression  of  20%  in  the  cell,  the  expected  porosity  is  around  60%. 
MEAs  were  prepared  by  laminating  Nation®  212  (Fayetteville,  USA), 
sub-gaskets  (25  pm  PEN  from  Goodfellow,  Huntingdon,  UK)  and 
electrodes  together  and  hot-pressing  the  assembly  at  a  tempera¬ 
ture  of  120  °C  using  a  compaction  force  of  8  1<N  for  3  min.  The 
laminated  MEA  was  assembled  into  the  single  cell  fixture  using 
PTFE  gaskets  of  0.1  mm  thickness  on  both  sides. 

The  cell  was  started  up  and  operated  for  about  20  h  at 
a  temperature  of  80  °C  at  a  current  density  of  0.5  A  cm-2  with  fully 
humidified  H2  and  02  at  2.5  bara  pressure.  Direct  water  injection 
humidifiers  (CEM,  Bronkhorst,  The  Netherlands)  were  used  for  an 
accurate  control  of  the  humidity  of  the  reactant  gases.  After  around 
20  h  of  conditioning,  the  cell  was  switched  to  OCV  and  H2/N2 
operation  mode  at  ambient  pressure.  After  stabilization  of  the  cell 
for  around  1  h,  100  potential  cycles  between  0.6  V  and  1.3  V  (scan 
rate:  50  mV  s-1)  were  applied,  using  a  Zahner  IM6  or  IM6e  (Kro- 
nach,  Germany)  electrochemical  workstation.  Since  the  degrada¬ 
tion  behavior  of  pristine  electrodes  strongly  changes  during  the 
repeated  exposure  to  elevated  potentials,  this  pre-degradation 
procedure  is  necessary  to  enable  a  reliable  quantification  of 
carbon  corrosion  rates.  Subsequently,  the  effect  of  different 
parameters  on  start/stop  induced  corrosion  of  the  catalyst  support 
was  determined  by  monitoring  the  C02  concentration  in  the 
exhaust  gas  of  the  positive  electrode  with  a  Model  100  Infrared 
Analyzer  (California  Analytical  Instruments).  To  avoid  flooding  the 
C02  measurement  cell,  the  water  in  the  cathode  exhaust  was 
condensed  by  passing  the  effluent  through  a  cold-trap  containing 
a  table  salt  saturated  ice-water  mixture.  Start-up  and  shut-down  of 
the  fuel  cell  was  performed  by  purging  of  the  anode  compartment 
with  diluted  or  pure  hydrogen  and  oxygen,  respectively.  The 
switching  of  the  gas  was  performed  up-stream  to  the  humidifier 
using  a  3/2-way  solenoid  valve  (type  0330,  Biirkert,  Germany), 
which  has  a  response  time  of  10-20  ms.  All  carbon  corrosion  rates 
were  calculated  by  integration  of  the  resulting  C02  concentration 
peaks  in  the  exhaust  gas  of  the  positive  electrode.  The  carbon 
corrosion  rate  was  calculated  based  on  the  ideal  gas  law  and 
Faraday’s  law.  For  each  investigated  condition,  the  cell  was  exposed 
to  eight  start/stop  transients.  The  time  interval  between  the  single 
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transients  was  180  s  in  all  cases.  Since  the  corrosion  rates  slightly 
decrease  after  changing  the  investigated  parameter,  only  the  last 
three  CO2  concentration  peaks  were  used  to  calculate  the  carbon 
corrosion  rates. 

To  elucidate  effects  related  to  the  propagation  of  the  gas  front 
through  the  anode  compartment,  corrosion  rates  were  determined 
as  a  function  of  the  gas  flow  rate  at  the  negative  electrode.  Thereby, 
different  compositions  of  hydrogen  and  oxygen  in  nitrogen  were 
used  as  anode  gas.  To  allow  a  reliable  quantification  of  the  CO2 
concentration  in  the  exhaust  gas,  the  positive  electrode  was 
continuously  purged  with  synthetic  air  consisting  of  21%  O2  in  N2  at 
a  gas  flow  rate  of  600  mln/min.  All  experiments  with  varied  reac¬ 
tant  gas  concentrations  were  carried  out  without  an  external  load 
(OCV  mode)  at  a  temperature  of  50  °C  and  a  relative  humidty  of  the 
reactant  gases  of  70%  to  avoid  flooding  of  the  electrodes.  The 
reduced  temperature  of  50  °C  was  necessary  because  at  the  stan¬ 
dard  operating  temperature  of  80  °C  the  rate  of  carbon  corrosion  is 
so  substantial  that  the  positive  electrode  undergoes  excessive 
degradation  during  the  test.  The  influence  of  an  applied  external 
resistance  on  the  carbon  corrosion  behavior  could  be  investigated 
at  80  °C  using  pure  hydrogen  and  air  as  reactant  gases:  due  to  the 
reduced  potential  developing  at  the  positive  electrode  as  a  result  of 
the  application  of  an  external  load,  the  driving  force  for  carbon 
corrosion  is  significantly  reduced. 

The  effect  of  temperature  and  relative  reactant  gas  humidity 
was  determined  at  a  constant  gas  flow  rate  of  600  mln  min-1.  Both 
measurements  were  carried  out  with  pure  hydrogen  and  air  while 
an  external  load  of  3  Clem2  was  applied  to  the  cell.  Humidity  vari¬ 
ation  experiments  were  performed  at  80  °C.  To  avoid  electrode 
flooding,  the  influence  of  temperature  was  investigated  at  a  relative 
humidity  of  70%. 

3.  Results  and  discussion 

3.1.  Effect  of  gas  front  propagation 

Since  the  duration  of  the  detrimental  potential  conditions  is 
determined  by  the  coexistence  of  hydrogen  and  oxygen  at  the 
negative  electrode,  CO2  evolution  rates  during  start-up  and  shut¬ 
down  of  the  fuel  cell  strongly  depend  on  the  time  that  is  neces¬ 
sary  for  a  complete  exchange  of  the  anode  gas.  Accordingly,  an 
increase  in  the  gas  flow  rate  at  the  negative  electrode  generally 
leads  to  a  decrease  of  the  carbon  corrosion  rates  (cf.  Fig.  2). 
Furthermore,  the  absolute  amount  of  evolved  CO2  obtained  for 
start-up  and  shut-down  processes  strongly  depend  on  the 
composition  of  the  reactant  gases.  Fig.  2  shows  that  the  concen¬ 
tration  of  hydrogen  influences  carbon  corrosion  mainly  during 
shut-down  of  the  fuel  cell.  Depending  on  the  gas  flow  rate,  a  change 
in  hydrogen  content  from  5%  to  100%  increases  the  carbon  corro¬ 
sion  rates  by  more  than  a  factor  of  20.  In  case  of  fuel  cell  start-up, 
however,  the  effect  of  hydrogen  concentration  is  less  pronounced. 
While  an  increase  from  5%  to  21%  does  not  significantly  influence 
the  carbon  corrosion  rates,  the  use  of  pure  hydrogen  decreases  the 
CO2  evolution  rates  by  a  factor  of  up  to  three.  At  low  gas  flow  rates, 
however,  the  corrosion  rates  approach  the  values  obtained  in 
measurements  carried  out  with  diluted  hydrogen. 

This  strong  effect  of  hydrogen  concentration  on  the  carbon 
corrosion  behavior  can  be  based  on  several  processes.  Generally, 
the  amount  of  evolved  CO2  is  determined  by  the  potential  devel¬ 
oping  at  the  positive  electrode  during  start-up  and  shut-down  and 
the  time  for  which  the  electrode  is  exposed  to  the  elevated 
potentials.  Both  parameters  can  be  influenced  by  the  hydrogen 
content.  According  to  the  Nernst  equation,  an  increase  in  hydrogen 
concentration  from  5%  to  100%  decreases  the  potential  at  the 
negative  electrode  in  the  normal  operation  section  of  the  fuel  cell 


Fig.  2.  Carbon  corrosion  rates  determined  for  start-up  (SU)  and  shut-down  (SD) 
processes  as  a  function  of  the  anode  gas  flow  rate  for  measurements  carried  out  with 
different  hydrogen  concentrations.  The  oxygen  concentration  was  21%  in  all  cases. 


by  about  46  mV.  This  leads  to  a  higher  driving  force  for  carbon 
corrosion  in  the  air/air  section  of  the  cell.  This  effect  is  expected  to 
be  independent  of  the  gas  flow  rate  at  the  anode.  In  addition,  the 
effect  of  hydrogen  concentration  is  likely  to  be  influenced  by 
processes  affecting  the  duration  of  the  gas  exchange  process.  The 
amount  of  CO2  evolved  during  start-up  and  shut-down  of  the  fuel 
cell  can  thus  be  assumed  to  be  mainly  determined  by  the  time  that 
is  necessary  to  completely  remove  hydrogen  or  oxygen  from  the 
anode  compartment.  Since  this  process  would  be  largely  inde¬ 
pendent  of  the  reactant  gas  composition  in  case  of  pure  plug  flow, 
the  observed  effect  of  hydrogen  concentration  suggests  that  the 
exchange  of  the  anode  gas  is  strongly  affected  by  diffusion 
processes  in  the  GDL  and  the  catalyst  layer  of  the  negative  elec¬ 
trode.  This  strong  influence  of  diffusion  phenomena  is  supported  by 
the  fact  that  the  effective  duration  of  the  gas  replacement  process 
was  found  to  be  significantly  higher  than  the  calculated  residence 
time  of  the  gas  front  [30]. 

Despite  this  difference,  the  correlation  between  the  theoretical 
duration  of  the  gas  replacement  process  and  the  corresponding  CO2 
evolution  rates  can  provide  valuable  information  about  the  mech¬ 
anisms  controlling  the  exchange  of  the  anode  gas.  In  Fig.  3,  carbon 
corrosion  rates  are  plotted  as  a  function  of  the  theoretical  gas  front 
residence  time,  which  was  calculated  by  dividing  the  total  volume 
of  the  channels  in  the  anode  flow  field  (816  mm3)  by  the  respective 
flow  rates,  taking  into  consideration  the  temperature  and  partial 
pressure  of  the  gas.  Under  all  investigated  conditions,  corrosion 
rates  for  both  start-up  and  shut-down  processes  show  an  essen¬ 
tially  linear  increase  with  increasing  gas  front  residence  time.  Only 
in  case  of  the  lowest  investigated  gas  flow  rate  of  200  mln  min-1, 
the  corrosion  rates  slightly  deviate  from  the  linear  trend.  This 
indicates  that  the  contribution  of  processes  influencing  the  amount 
of  evolved  CO2  does  not  markedly  change  in  the  investigated  gas 
flow  range.  In  their  pseudo-capacitive  model,  Gu  et  al.  suggested 
that  the  generation  of  local  currents  originating  from  platinum 
oxidation/reduction  and  the  adsorption/desorption  of  hydrogen 
can  strongly  decrease  carbon  corrosion  rates  during  fuel  cell  start¬ 
up  and  shut-down  [31].  Due  to  the  short  duration  of  these  pseudo- 
capacitive  currents,  the  influence  of  this  effect  was  proposed  to 
strongly  depend  on  the  gas  flow  rate  at  the  negative  electrode. 
Generally,  short  gas  front  residence  times  are  assumed  to  cause  the 
most  pronounced  decrease  in  carbon  corrosion  rates.  Yet,  although 
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Fig.  3.  Carbon  corrosion  rates  determined  for  start-up  (SU)  and  shut-down  (SD) 
transients  as  a  function  of  the  theoretical  gas  front  residence  time  for  measurements 
carried  out  with  different  hydrogen  concentrations.  The  residence  time  was  calculated 
by  dividing  the  total  volume  of  the  channels  in  the  anode  flow  field  by  the  respective 
gas  flow  rates. 


the  investigated  front  durations  are  in  the  order  in  which  the 
pseudo-capacitive  effect  is  expected  to  significantly  influence  CO2 
evolution  behavior,  the  corrosion  rates  show  a  roughly  linear 
increase  with  increasing  gas  front  residence  time.  This  linear 
correlation  strongly  indicates  that  the  mitigating  effect  of  pseudo- 
capacitive  currents  does  not  change  in  the  investigated  gas  flow 
range.  This  behavior  might  partly  be  explained  by  the  discrepancy 
between  the  theoretical  gas  front  residence  time  and  the  effective 
duration  of  the  gas  exchange  process.  Ishigami  et  al.  have  shown 
that  the  two  values  can  differ  by  a  factor  of  seven  [30].  However, 
even  if  this  difference  is  considered,  the  pseudo-capacitive  effect 
would  be  expected  to  cause  marked  deviations  from  the  linear 
correlation  between  carbon  corrosion  rate  and  front  residence 
time.  Hence,  under  the  investigated  conditions,  the  influence  of 
capacitive  currents  seems  to  be  considerably  lower  than  predicted 
by  the  model  proposed  by  Gu  et  al. 

Furthermore,  the  linear  correlation  demonstrates  that  the 
replacement  of  the  anode  gas  during  start-up  and  shut-down  of  the 
fuel  cell  is  primarily  controlled  by  processes  occurring  along  the 
direction  of  the  flow  field.  Extrapolation  of  the  carbon  corrosion 
rates  to  a  gas  front  residence  time  of  zero  seconds  yields  values 
around  zero  pgC/transient,  indicating  that  contributions  from 
additional  processes  with  shorter  time  constants  can  be  largely 
neglected.  This  is  in  stark  contrast  to  results  reported  by  Schneider 
and  von  Dahlen,  who  found  that  diffusion  of  the  purging  gas  under 
the  lands  of  the  flow  field  can  significantly  influence  the  gas 
exchange  process  [22].  By  means  of  submillimeter  resolved  current 
density  measurements,  they  showed  that  these  diffusion  processes 
can  induce  reverse  current  phenomena  also  on  the  channel  and 
land  scale.  Yet,  the  duration  of  the  gas  exchange  processes  in  these 
experiments  was  always  below  25  ms.  In  case  of  these  low  gas  front 
residence  times,  channel  and  land  effects  might  become  significant 
since  the  contribution  of  corrosion  processes  caused  by  the  front 
propagation  through  the  flow  field  channels  substantially 
decreases.  Under  the  conditions  investigated  in  the  present  study, 
however,  start/stop  induced  carbon  corrosion  behavior  is  obviously 
not  markedly  influenced  by  gas  diffusion  under  the  flow  field  lands. 
This  is  supported  by  the  fact  that  gas  flow  variation  measurements 
with  different  channel  and  land  dimensions  of  1,  2  and  4  mm 
yielded  very  similar  carbon  corrosion  rates  (data  not  shown). 


The  constant  ratios  between  carbon  corrosion  rates  determined 
for  shut-down  and  start-up  transients  in  case  of  measurements 
carried  out  with  diluted  hydrogen  furthermore  indicate  that  the 
electrochemical  consumption  of  hydrogen  during  the  purging 
process  does  not  markedly  influence  the  replacement  of  the  anode 
gas.  Accordingly,  the  gas  exchange  process  can  be  assumed  to  be 
dominated  by  a  uniform  displacement  of  the  anode  gas  along  the 
direction  of  the  flow  field. 

The  different  effect  of  hydrogen  concentration  on  start-up  and 
shut-down  induced  catalyst  support  corrosion  can  thereby  be 
explained  by  processes  determining  the  duration  and  the  impact  of 
the  detrimental  potential  conditions.  Due  to  the  substantially 
higher  exchange  current  density,  the  electrode  potential  is  gener¬ 
ally  dominated  by  the  presence  of  hydrogen.  Accordingly,  small 
amounts  of  hydrogen  at  the  negative  electrode  can  cause  carbon 
corrosion  in  large  areas  of  the  positive  electrode.  In  case  of  fuel  cell 
shut-down  by  purging  of  the  anode  compartment  with  air,  the 
duration  of  the  detrimental  potential  conditions  is  therefore 
determined  by  the  time  required  to  completely  remove  hydrogen 
from  the  negative  electrode.  Due  to  the  high  diffusivity  of  hydrogen 
and  the  fact  that  the  gas  front  does  obviously  not  propagate  via 
ideal  plug  flow,  the  duration  of  this  process  significantly  depends 
on  the  initial  amount  of  hydrogen  in  the  anode  compartment. 
As  a  consequence,  shut-down  induced  carbon  corrosion  strongly 
increases  with  increasing  hydrogen  concentration. 

Correspondingly,  start-up  of  the  fuel  cell  requires  the  removal  of 
air  from  the  negative  electrode.  Thereby,  if  the  anode  compartment 
is  purged  with  diluted  hydrogen,  the  oxygen  is  mainly  replaced  by 
nitrogen.  The  similar  carbon  corrosion  rates  obtained  in  this  case 
indicate  that  the  duration  of  the  gas  exchange  is  mainly  controlled 
by  the  flow  rate  and  not  by  processes  depending  on  the  composi¬ 
tion  of  the  purging  gas.  In  contrast,  start-up  of  the  fuel  cell  with 
pure  hydrogen  leads  to  considerably  lower  carbon  corrosion  rates. 
This  effect  might  be  based  on  the  substantial  change  in  the  diffu¬ 
sion  coefficient,  which  increases  by  a  factor  of  almost  four 
compared  to  the  replacement  of  the  oxygen  at  the  anode  by  mainly 
nitrogen  [32].  Due  to  the  fact  that  the  local  potential  at  the  negative 
electrode  is  dominated  by  the  presence  of  hydrogen,  a  fast  propa¬ 
gation  of  hydrogen  into  the  air-filled  areas  can  significantly 
decrease  the  duration  of  the  detrimental  potential  conditions  [25]. 
Thereby,  since  catalyst  support  corrosion  is  limited  to  areas  with 
oxygen  present  at  the  negative  electrode,  the  effect  of  flow  rate  can 
be  assumed  to  be  more  pronounced  than  in  case  of  fuel  cell  shut¬ 
down,  thus  leading  to  the  varying  ratio  of  the  carbon  corrosion 
rates  obtained  for  the  two  processes. 

The  effect  of  oxygen  concentration  on  start/stop  induced  carbon 
corrosion  behavior  is  shown  in  Fig.  4.  For  both  start-up  and  shut¬ 
down  processes,  CO2  evolution  rates  significantly  increase  with 
increasing  oxygen  content.  Thereby,  analogous  to  the  investigations 
on  the  effect  of  hydrogen  concentration,  all  measurements  yielded 
a  linear  correlation  between  carbon  corrosion  rates  and  calculated 
duration  of  the  gas  exchange  process.  Extrapolation  to  infinitely 
low  front  residence  times  results  in  slightly  negative  carbon 
corrosion  rates.  Yet,  in  contrast  to  measurements  with  different 
hydrogen  concentrations,  the  ratio  between  carbon  corrosion  rates 
determined  in  response  to  start-up  and  shut-down  transients  was 
found  to  be  independent  of  both  gas  flow  rate  and  oxygen 
concentration.  This  constant  ratio  further  indicates  that  the 
replacement  of  the  anode  gas  is  not  markedly  influenced  by  the 
electrochemical  consumption  of  the  reactant  gases.  As  discussed 
for  varied  hydrogen  concentrations,  a  significant  contribution  of 
this  effect  would  be  expected  to  result  in  a  considerable  influence  of 
gas  front  residence  time  and  oxygen  content  on  the  start/stop  ratio. 

Moreover,  the  observed  corrosion  behavior  shows  that  also  the 
direct  recombination  of  hydrogen  and  oxygen  at  the  platinum 
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Fig.  4.  Carbon  corrosion  rates  determined  for  start-up  (SU)  and  shut-down  (SD) 
processes  as  a  function  of  the  anode  gas  flow  rate  for  measurements  carried  out  with 
different  oxygen  concentrations.  The  hydrogen  concentration  was  21%  in  all  cases. 


catalyst  particles  is  negligible  with  respect  to  the  duration  of  the 
gas  exchange  process.  Due  to  the  fact  that  the  formation  of  water 
requires  hydrogen  and  oxygen  in  the  ratio  2:1,  the  catalytic  reaction 
of  those  gases  in  the  anode  compartment  accelerates  the  shut¬ 
down  process  while  the  duration  of  fuel  cell  start-up  is  increased. 
The  recombination  rate  can  thereby  be  assumed  to  generally 
increase  with  increasing  reactant  gas  concentration.  Thus,  if 
a  significant  amount  of  hydrogen  and  oxygen  would  react  with  each 
other  during  the  purging  process,  variations  in  the  reactant  gas 
composition  would  cause  changes  in  the  ratio  between  start-up 
and  shut-down  induced  carbon  corrosion. 

Although  all  mentioned  processes  might  slightly  influence  fuel 
cell  start-up  and  shut-down,  the  corrosion  behavior  obtained  for 
different  flow  rates  and  reactant  gas  compositions  strongly  indi¬ 
cates  that  the  exchange  of  the  anode  gas  is  controlled  by  a  simple 
displacement  mechanism.  Thereby,  due  to  the  high  diffusivity  and 
the  dominating  effect  on  the  electrode  potential,  the  duration  of  the 
detrimental  potential  conditions  seems  to  be  mainly  determined  by 
the  hydrogen  concentration.  However,  although  the  results  suggest 
that  the  oxygen  content  does  not  significantly  affect  the  duration  of 
the  gas  exchange  process,  an  increase  in  the  concentration  strongly 
increases  the  carbon  corrosion  rates.  This  considerable  effect  of 
oxygen  content  might  be  based  on  two  processes  influencing  the 
detrimental  potentials  leading  to  carbon  corrosion  at  the  positive 
electrode.  First,  a  decrease  in  oxygen  concentration  results  in 
a  lower  equilibrium  potential  at  the  negative  electrode  in  the  air/air 
section  of  the  fuel  cell.  Compared  to  the  pure  gas,  a  decrease  in 
oxygen  content  to  5%  reduces  the  equilibrium  potential  by  about 
21  mV.  Since  this  potential  drop  causes  a  similar  decrease  in  the 
potential  of  the  positive  electrode,  the  amount  of  oxygen  in  the 
reactant  gas  directly  influences  the  driving  force  for  carbon  corro¬ 
sion.  Second,  the  oxygen  content  influences  the  polarization 
behavior  of  the  negative  electrode,  thus  leading  to  a  further 
potential  decrease  in  case  of  measurements  carried  out  with 
diluted  oxygen.  Yet,  since  the  total  current  in  the  air/air  section 
originates  from  several  interacting  processes,  the  effect  of  oxygen 
content  on  the  electrode  polarization  cannot  be  assessed  quanti¬ 
tatively.  Due  to  the  exponential  correlation  between  electrode 
potential  and  carbon  corrosion  rate,  however,  a  comparatively  low 
potential  drop  can  already  cause  a  significant  reduction  in  CO2 
evolution.  Measurements  under  controlled  potential  conditions 


have  shown  that  a  decrease  in  the  electrode  potential  by  50  mV  can 
decrease  the  corrosion  rates  by  more  than  a  factor  of  two  [33].  Thus, 
assuming  that  a  lower  oxygen  concentration  markedly  influences 
the  polarization  behavior  of  the  negative  electrode,  the  resulting 
overall  potential  drop  at  the  positive  electrode  can  explain  the 
observed  decrease  in  C02  evolution. 

3.2.  Effect  of  the  external  resistance 

All  measurements  described  in  Section  3.1  were  carried  out 
under  OCV  conditions  to  keep  the  processes  occurring  during  the 
exchange  of  the  anode  gas  as  simple  as  possible.  Yet,  owing  to  the 
decrease  in  the  detrimental  potentials  developing  at  the  positive 
electrode,  start-up  and  shut-down  is  usually  performed  while  an 
external  load  is  connected  to  the  cell.  This  is  referred  to  as 
“discharge  mode”  since  residual  hydrogen  or  oxygen  is  electro- 
chemically  consumed.  To  analyze  the  resulting  changes  in  the 
carbon  corrosion  behavior,  gas  flow  variation  experiments  with  an 
external  resistance  of  3  Clem2  connected  to  the  cell  were  carried 
out.  Since  the  application  of  the  load  strongly  decreases  the  driving 
force  for  carbon  corrosion  at  the  positive  electrode,  C02  evolution 
rates  are  substantially  lower  than  in  case  of  measurements  carried 
out  in  OCV  mode.  To  obtain  C02  concentration  peaks  that  allow 
a  reliable  quantification  of  start/stop  induced  carbon  corrosion,  the 
temperature  was  therefore  increased  to  80  °C.  All  measurements 
were  carried  out  with  air  at  the  positive  and  the  negative  electrode. 

Fig.  5  shows  that  the  effect  of  the  applied  resistance  strongly 
differs  for  start-up  and  shut-down  transients.  In  case  of  fuel  cell 
start-up,  the  correlation  between  anode  gas  flow  rate  and  C02 
evolution  is  similar  to  that  obtained  under  OCV  conditions.  This 
indicates  that  the  applied  load  primarily  influences  the  detrimental 
potentials  developing  at  the  positive  electrode.  The  gas  exchange 
process  at  the  negative  electrode  does  not  seem  to  be  markedly 
affected.  In  contrast,  shut-down  induced  carbon  corrosion  behavior 
strongly  changes  if  an  external  resistance  is  connected  to  the  cell. 
For  measurements  with  pure  hydrogen  and  gas  flow  rates  up  to 
400  mln  min-1,  C02  evolution  basically  follows  the  linear  correla¬ 
tion  between  corrosion  rates  and  calculated  gas  front  residence 
time  that  was  also  obtained  under  OCV  conditions.  Yet,  a  further 
decrease  in  the  flow  rate  to  values  smaller  than  400  mln  min-1 
leads  to  an  abrupt  change  in  the  carbon  corrosion  behavior.  Instead 


Fig.  5.  Carbon  corrosion  rates  determined  for  start-up  (SU)  and  shut-down  (SD) 
processes  as  a  function  of  the  anode  gas  flow  rate  for  measurements  carried  out  with 
different  hydrogen  concentrations.  All  measurements  were  carried  out  with  air  both  at 
the  positive  and  negative  electrode  while  an  external  resistance  of  3  Qcm2  was  applied 
to  the  cell. 
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of  a  further  increase  in  the  amount  of  evolved  CO2,  the  corrosion 
rates  become  slightly  smaller.  Also  in  case  of  measurements  carried 
out  with  a  hydrogen  concentration  of  21%,  CO2  evolution  during 
fuel  cell  shut-down  differs  from  the  behavior  observed  in  OCV 
mode.  Over  the  whole  investigated  gas  flow  range,  the  carbon 
corrosion  rates  only  slightly  increase  from  0.06  to  0.09  pgC/tran- 
sient.  Thereby,  for  the  highest  flow  rate  of  1000  mln  min-1,  the  ratio 
between  corrosion  rates  determined  in  response  to  shut-down  and 
start-up  transients  is  similar  to  the  value  of  0.7  obtained  in  OCV 
mode.  With  decreasing  gas  flow  rate,  however,  this  ratio  continu¬ 
ously  decreases  to  less  than  0.2  at  200  mln  min-1,  demonstrating 
that  the  applied  load  influences  shut-down  induced  carbon 
corrosion  over  the  entire  gas  flow  range. 

This  strong  decrease  in  shut-down  induced  CO2  evolution  at  low 
gas  flow  rates  might  originate  from  the  electrochemical 
consumption  of  hydrogen  during  the  purging  process.  In  case  of 
high  gas  flow  rates,  the  duration  of  the  gas  exchange  process  is 
assumed  to  be  dominated  by  the  propagation  of  the  gas  front 
through  the  anode  compartment.  Accordingly,  the  carbon  corrosion 
rates  increase  linearly  with  increasing  gas  front  residence  time.  If 
the  flow  rate  is  decreased  below  a  critical  value,  however,  residual 
hydrogen  might  be  consumed  before  the  propagation  of  the  gas 
front  through  the  anode  compartment  is  completed.  As  a  conse¬ 
quence,  a  further  decrease  in  the  gas  flow  rate  does  not  further 
increase  the  duration  of  the  coexistence  of  hydrogen  and  oxygen  at 
the  negative  electrode.  The  time  for  which  the  positive  electrode  is 
exposed  to  detrimental  potentials  thus  becomes  independent  of 
the  gas  flow  rate.  This  mechanism  is  supported  by  the  fact  that  the 
critical  gas  flow  rate  obviously  depends  on  the  amount  of  hydrogen 
present  in  the  anode  compartment  prior  to  fuel  cell  shut-down.  In 
case  of  measurements  carried  out  with  pure  hydrogen,  the  corro¬ 
sion  behavior  changes  at  flow  rates  lower  than  400  mln  min-1.  If  the 
concentration  is  decreased  to  21%,  however,  CO2  evolution  remains 
at  a  low  level  over  the  entire  gas  flow  range,  indicating  that  the 
consumption  of  hydrogen  in  the  anode  gas  is  substantially  faster 
than  in  case  of  pure  hydrogen. 

Correspondingly,  electrochemical  hydrogen  consumption  also 
influences  the  gas  replacement  process  during  start-up  of  the  fuel 
cell.  In  this  case,  the  duration  required  for  a  complete  exchange  of 
the  anode  gas  is  expected  to  increase.  However,  owing  to  the 
continuous  supply  of  hydrogen  during  fuel  cell  start-up,  the  carbon 
corrosion  behavior  is  similar  to  that  obtained  in  OCV  mode. 

In  principle,  the  development  of  elevated  potentials  during 
start-up  and  shut-down  of  the  fuel  cell  can  be  avoided  by  short 
circuiting  the  electrodes  during  the  purging  process.  In  case  of  fuel 
cell  stacks,  however,  an  inhomogeneous  propagation  of  the  gas 
front  can  lead  to  a  reversal  of  single  cells.  Since  the  resistance  can 
thus  not  be  chosen  arbitrarily  small,  start-up  and  shut-down  of  fuel 
cell  stacks  always  requires  a  tradeoff  between  a  homogeneous  cell 
voltage  distribution  and  an  effective  mitigation  of  start/stop 
induced  catalyst  support  corrosion. 

To  quantify  the  mitigating  effect  of  the  applied  load,  carbon 
corrosion  rates  were  determined  as  a  function  of  the  external 
resistance  while  operating  the  cell  at  a  constant  flow  rate  of 
600  mln  min-1  using  pure  hydrogen  and  air  as  reactant  gases  (cf. 
Fig.  6).  Additionally,  the  average  cell  voltage  during  ‘on’  state  (H2/air 
mode)  was  determined  to  obtain  an  indication  for  the  polarization 
of  the  electrodes  in  the  air/air  section  of  the  fuel  cell.  The  results 
show  that  the  carbon  corrosion  behavior  undergoes  significant 
changes  in  the  investigated  resistance  range.  At  low  resistance 
values,  the  influence  of  the  applied  load  is  comparatively  small. 
Despite  an  increase  in  the  cell  voltage  by  more  than  200  mV, 
a  change  in  the  resistance  from  0.5  to  3  Qcm2  increases  the  carbon 
corrosion  rates  for  both  start-up  and  shut-down  transients  only  by 
a  factor  of  two.  This  small  influence  of  the  applied  load  might  be 


Fig.  6.  (a)  Influence  of  the  external  resistance  on  the  average  cell  voltage  during  ‘on’ 
state  (H2/air  mode),  (b)  Carbon  corrosion  rates  determined  for  start-up  (SU)  and  shut¬ 
down  (SD)  transients  as  a  function  of  the  external  resistance.  All  measurements  were 
carried  out  at  a  constant  gas  flow  rate  of  600  mln/min  using  pure  hydrogen  and  air  as 
reactant  gases. 


ascribed  to  a  strong  contribution  of  corrosion  processes  occurring 
in  the  potential  range  below  1  V.  Due  to  the  comparatively  low 
voltage  generated  in  the  normal  operation  section  of  the  fuel  cell, 
the  potential  at  the  positive  electrode  is  expected  to  increase  only 
slightly  above  the  oxygen  equilibrium  potential.  As  a  consequence, 
a  substantial  fraction  of  the  total  amount  of  evolved  CO2  originates 
from  the  electrooxidation  of  CO  at  around  0.55  V  and  platinum 
catalyzed  carbon  corrosion  at  potentials  exceeding  approximately 
0.7  V  [6-9,33].  Thus,  as  long  as  CO2  evolution  is  dominated  by  these 
processes,  the  effect  of  the  applied  load  is  comparatively  small.  If 
the  external  resistance  is  further  increased,  the  corrosion  rates 
become  substantially  higher,  indicating  that  most  of  the  evolved 
CO2  originates  from  carbon  corrosion  at  potentials  exceeding  1  V.  At 
resistance  values  higher  than  approximately  100  Qcm2  the  effect  of 
the  applied  load  on  both  start-up  and  shut-down  induced  CO2 
evolution  again  becomes  less  pronounced.  The  small  effect  of  the 
external  load  in  this  resistance  range  can  be  explained  by  the  fact 
that  a  change  in  the  resistance  by  almost  two  orders  of  magnitude 
increases  the  cell  voltage  by  only  65  mV.  The  influence  of  the  load 
on  the  potential  developing  at  the  positive  electrode  can  therefore 
assumed  to  be  small. 

According  to  these  processes,  the  external  load  also  influences 
the  ratios  between  carbon  corrosion  rates  determined  in  response 
to  shut-down  and  start-up  transients.  In  the  resistance  range  below 
around  3  Qcm2,  the  ratio  is  largely  independent  of  the  applied  load. 
The  value  of  around  two  is  thereby  similar  to  that  obtained  in  flow 
variation  experiments  at  the  corresponding  gas  flow  rate  of 
600  mln  min-1  (cf.  Fig.  5).  A  further  increase  in  the  external  resis¬ 
tance  results  in  a  gradual  increase  in  the  ratio.  Since  the  effect  of  the 
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applied  load  becomes  less  pronounced  in  case  of  high  resistance 
values,  the  ratio  finally  approaches  a  largely  constant  value  of 
approximately  four,  which  is  in  reasonably  good  agreement  with 
the  ratio  obtained  under  similar  conditions  in  OCV  mode  (cf.  Fig.  2). 

3.3.  Effect  of  temperature  and  humidity 

Owing  to  the  good  control  of  the  potential  conditions  at  the 
positive  electrode,  the  influence  of  decisive  operating  parameters 
on  the  carbon  corrosion  behavior  is  typically  assessed  by  applying 
cyclic  or  constant  potentials  to  cells  operated  in  H2/N2  mode.  Under 
these  controlled  potential  conditions,  the  effect  of  temperature  and 
reactant  gas  humidity  has  been  widely  studied.  Since  water  is 
involved  in  the  carbon  oxidation  reaction  (cf.  Equation  (1)),  the 
corrosion  rates  generally  show  a  linear  increase  with  increasing 
water  vapor  partial  pressure  [6,34].  Yet,  if  relative  humidity  is 
decreased  below  around  40%,  the  substantial  increase  in  ionomer 
resistance  can  lead  to  significant  deviations  from  this  linear 
correlation  [35].  In  case  of  temperature  variation,  carbon  corrosion 
behavior  under  controlled  potential  conditions  typically  follows  an 
Arrhenius-dependence  [6,8,10,11,27]. 

Catalyst  support  corrosion  caused  by  real  start/stop  transients, 
however,  can  significantly  differ  from  the  behavior  obtained  under 
controlled  potential  conditions.  In  contrast  to  measurements  in  H 2\ 
N2  mode,  fuel  cell  start-up  and  shut-down  by  purging  of  the  anode 
compartment  leads  to  a  complex  interaction  of  different  processes. 
On  the  one  hand,  the  detrimental  potentials  developing  at  the 
positive  electrode  strongly  depend  on  the  operating  conditions.  A 
change  in  a  specific  parameter  thus  always  additionally  influences 
the  driving  force  for  carbon  corrosion.  On  the  other  hand,  start/stop 
induced  carbon  corrosion  behavior  can  be  additionally  affected  by 
phenomena  related  to  the  propagation  of  the  gas  front  through  the 
anode  compartment. 

Fig.  7  shows  the  influence  of  temperature  on  the  carbon 
corrosion  rates  determined  in  response  to  real  start-up  and  shut¬ 
down  processes.  For  temperatures  up  to  70  °C,  the  corrosion 
behavior  follows  the  expected  Arrhenius-dependence.  Yet,  the 
apparent  activation  energies  of  37.5  kj  mol-1  (shut-down)  and 
33.5  kj  mol-1  (start-up)  are  considerably  lower  compared  to  the 
values  of  approximately  60  kj  mol-1  obtained  under  controlled 
potential  conditions  [6,27,36].  If  the  temperature  is  increased  to 
values  exceeding  70  °C,  the  corrosion  behavior  significantly 


Fig.  7.  Carbon  corrosion  rates  determined  in  response  to  single  start/stop  transients  as 
a  function  of  the  temperature.  The  measurement  was  carried  out  at  a  relative  humidity 
of  70%  using  pure  hydrogen  and  air  as  reactant  gases.  During  start-up  and  shut-down, 
an  external  load  of  3  Qcm2  was  applied  to  the  cell. 


deviates  from  the  Arrhenius-correlation.  For  both  start-up  and 
shut-down  transients,  the  increase  in  CO2  evolution  becomes  much 
less  pronounced.  The  corresponding  cell  voltages  determined 
during  the  ‘on’  state,  however,  vary  by  only  about  10  mV,  indicating 
that  the  driving  voltage  generated  by  the  normal  operation  section 
during  the  purging  process  is  not  markedly  influenced  by  the 
temperature.  Accordingly,  also  the  kinetics  of  the  oxygen  reduction 
reaction  in  the  air/air  section  of  the  fuel  cell  must  remain  virtually 
unchanged.  Since  the  potential  developing  at  the  positive  electrode 
can  therefore  be  assumed  to  be  largely  independent  of  the 
temperature,  the  observed  change  in  carbon  corrosion  behavior  is 
likely  to  be  based  on  a  decrease  in  the  duration  of  the  gas  exchange 
process. 

The  accelerated  propagation  of  the  gas  front  might  thereby  be 
based  on  temperature-dependent  changes  in  the  volumetric  flow  of 
the  reactant  gases.  Since  the  amount  of  hydrogen  and  air  supplied 
to  the  cell  is  regulated  via  the  mass  of  the  dry  gases  at  room 
temperature,  the  volume  expansion  and  the  addition  of  water 
vapor  to  the  gas  stream  can  substantially  increase  the  effective 
volumetric  flow.  Due  to  the  exponential  correlation  between 
temperature  and  water  vapor  partial  pressure,  the  acceleration  of 
the  gas  exchange  process  is  thereby  most  pronounced  in  case  of 
high  temperatures.  While  an  increase  from  40  °C  to  70  °C  increases 
the  gas  flow  rate  by  less  than  240  ml  min-1,  a  further  increase  to 
90  °C  results  in  a  change  of  the  flow  rate  by  approximately 
620  ml  min-1.  The  carbon  corrosion  rates  which  would  be  expected 
without  this  substantial  increase  in  the  effective  gas  flow  rate  can 
be  calculated  through  the  activation  energies  determined  in  the 
temperature  range  below  70  °C.  For  a  temperature  of  90  °C,  this 
estimation  yields  values  of  0.22  and  0.49  pgC/transient  for  fuel  cell 
start-up  and  shut-down,  respectively.  Considering  that  a  doubling 
of  the  gas  flow  rate  decreases  the  corrosion  rates  by  more  than 
a  factor  of  two  (cf.  Fig.  5),  the  difference  between  the  calculated  and 
the  measured  values  is  in  good  agreement  with  the  corresponding 
increase  in  the  volumetric  flow  of  the  reactant  gases.  The  deviations 
from  the  Arrhenius  behavior  can  thus  be  adequately  explained  by 
the  temperature-dependent  changes  in  the  effective  duration  of  the 
gas  exchange  process.  Accordingly,  this  phenomenon  partially 
mitigates  the  detrimental  effect  of  increased  temperatures  in  case 
of  real  start-up  and  shut-down  processes. 

In  contrast  to  temperature,  the  humidification  of  the  reactant 
gases  has  a  strong  influence  on  the  cell  voltage  generated  in  normal 


Fig.  8.  Carbon  corrosion  rates  determined  in  response  to  single  start/stop  transients  as 
a  function  of  the  reactant  gas  humidity.  The  measurement  was  carried  out  at 
a  temperature  of  80  °C  using  pure  hydrogen  and  air  as  reactant  gases.  During  start-up 
and  shut-down,  an  external  load  of  3  Qcm2  was  applied  to  the  cell. 
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operation  mode.  As  a  consequence  of  the  logarithmic  correlation 
between  relative  humidity  and  ionomer  resistance  in  the 
membrane  and  the  catalyst  layer,  this  effect  is  most  pronounced  in 
case  of  low  humidity  values  [35,37-39].  Between  100%  and  70% 
R.H.,  the  average  cell  voltage  changes  by  only  15  mV  while  a  further 
decrease  to  40%  R.H.  causes  an  additional  voltage  drop  of  approx¬ 
imately  35  mV.  Despite  these  strong  changes  in  the  cell  voltage,  the 
corrosion  rates  for  both  start-up  and  shut-down  transients  show 
a  basically  linear  increase  with  increasing  reactant  gas  humidity  (cf. 
Fig.  8).  This  linear  correlation,  which  is  in  good  agreement  with  the 
behavior  obtained  under  controlled  potential  conditions,  suggests 
that  the  effect  of  reactant  gas  humidity  on  the  voltage  generated  by 
the  normal  operation  section  is  not  sufficient  to  significantly 
influence  the  potential  acting  as  driving  force  for  carbon  corrosion. 
Moreover,  as  discussed  in  Section  3.2,  a  comparatively  large 
contribution  of  CO2  evolution  in  the  potential  range  below  1  V 
might  additionally  mitigate  the  effect  of  the  maximum  potential 
developing  at  the  positive  electrode. 


Table  1 

Summary  of  parameter  variations  and  their  effects  on  the  start-up  and  shut-down 
induced  carbon  oxidation  reaction  (COR).  All  measurements  were  carried  out  at 
a  cell  temperature  of  80  °C  and  a  relative  humidity  of  the  gases  of  70%,  if  not 
otherwise  noted. 

Mode  Varied  parameter  Insight  regarding  COR 

•  Rate  of  COR  dominated 
by  anode  purge  induced 
gas  exchange  process 

•  Gas  exchange  process 
strongly  affected  by  diffusion 
processes  in  the  GDL  and  catalyst 
layer 

•  Duration  of  reverse  current 
situation  mainly  determined  by 
the  H2  concentration  (due  to  its 
high  diffusivity  and  dominating 
effect  on  the  electrode  potential) 

•  Influence  of  electrochemical 
consumption  and  direct 
recombination  of  H2  and  02, 
diffusion  on  the  channel-and-land 
scale,  and  ( pseudo- )capacitive 
currents  negligible 

•  Effect  on  shut-down  more 
pronounced  than  on  start-up. 

•  Electrochemical  H2  consumption 
dominates  or  shortens  duration  of 
reverse-current  situation  on 
shut-down. 

•  Electrochemical  H2  consumption 
has  little  influence  in  the  case  of 
start-up,  owing  to  the  continuous 
supply  of  H2. 

•  R  >  100  Qcm2:  behavior  similar 
to  OCV  mode 

•  R  <  10  fkm2:  electrochemical  H2 
consumption  dominating;  possibly 
contributions  to  COR  from  processes 
at  electrode  potentials  below  1  V. 

•  T  <  70  °C:  COR  follows  apparent 
Arrhenius  behavior 

•  T  >70  °C:  effective  gas  flow  rate 
increases  with  temperature  due  to 
the  effects  of  increasing  molar 
volume  of  the  gas  and  decreasing 
reactant  partial  pressure 

•  Largely  linear  dependence  of  COR 
on  relative  humidity 

•  At  100  %  r.h.  electrode  flooding 
effects  are  apparent 

a  Cell  temperature:  50  °C. 
b  External  resistance:  3  Ocm2. 


In  case  of  fully  humidified  gases,  however,  the  carbon  corrosion 
behavior  shows  substantial  deviations  from  the  linear  correlation. 
Corrosion  rates  determined  for  start-up  processes  strongly  increase 
while  fuel  cell  shut-down  becomes  less  detrimental.  Simulta¬ 
neously,  the  amount  of  CO2  evolving  during  consecutive  start/stop 
transients  becomes  highly  irregular,  indicating  an  inhomogeneous 
propagation  of  the  hydrogen/air  front  through  the  anode 
compartment.  These  inhomogenities  might  result  from  electrode 
flooding  caused  by  the  accumulation  of  liquid  water  at  the  negative 
electrode.  During  fuel  cell  start-up,  the  liquid  water  might  block 
certain  areas  of  the  electrode,  thus  temporarily  leading  to  a  process 
similar  to  local  fuel  starvation  [3,26,40-43].  The  mechanisms 
leading  to  the  decrease  in  CO2  evolution  during  fuel  cell  shut-down, 
however,  are  largely  unclear.  In  case  of  severe  electrode  flooding, 
the  lower  corrosion  rates  might  possibly  be  attributed  to  a  smaller 
area  of  the  air/air  regions  during  the  purging  process.  Furthermore, 
changes  in  the  carbon  surface  oxide  composition  caused  by  the 
increased  corrosion  intensity  during  start-up  might  contribute  to 
the  decrease  in  CO2  evolution  [4,5,44,45]. 

Yet,  despite  these  strong  deviations  from  the  linear  behavior,  the 
overall  amount  of  evolved  CO2  does  not  significantly  change  in  case 
of  fully  humidified  gases.  The  total  carbon  corrosion  rate  calculated 
by  addition  of  the  values  determined  for  start-up  and  shut-down 
transients  shows  a  linear  correlation  over  the  entire  humidity 
range. 

As  a  summary,  the  observed  effects  on  varied  operating 
parameters  and  proposed  explanations  during  start-stop  experi¬ 
ments  are  collated  in  Table  1  as  an  overview. 

4.  Conclusions 

The  corrosion  of  high  surface  area  carbon  during  fuel  cell  start¬ 
up  and  shut-down  by  purging  of  the  negative  electrode  was 
systematically  quantified  to  elucidate  effects  related  to  the  propa¬ 
gation  of  the  gas  front  through  the  anode  compartment  and  to 
determine  the  influence  of  temperature,  reactant  gas  humidity  and 
an  applied  external  load. 

The  linear  correlation  between  gas  front  residence  time  and 
carbon  corrosion  rate  obtained  in  measurements  with  different 
reactant  gas  concentrations  in  OCV  mode  suggests  that  the  gas 
exchange  at  the  negative  electrode  is  dominated  by  a  uniform 
displacement  of  the  anode  gas.  The  influence  of  additional  effects 
such  as  direct  recombination  of  hydrogen  and  oxygen,  diffusion  on 
the  channel  and  land  scale  and  pseudocapacitive  effects  seem  to  be 
negligible  under  the  investigated  conditions.  Generally,  CO2 
evolution  during  fuel  cell  start-up  is  mainly  controlled  by  the 
oxygen  concentration  while  the  effect  of  hydrogen  content  is  more 
pronounced  in  case  of  fuel  cell  shut-down.  The  ratio  between  the 
corrosion  rates  obtained  in  response  to  start-up  and  shut-down 
transients  was  found  to  be  solely  determined  by  the  hydrogen 
concentration. 

If  an  external  load  is  applied  during  the  gas  exchange  process, 
the  corrosion  behavior  strongly  differs  for  fuel  cell  start-up  and 
shut-down.  While  the  linear  correlation  between  CO2  evolution 
and  gas  front  residence  time  is  not  affected  in  case  of  start-up 
transients,  shut-down  induced  carbon  corrosion  rates  become 
virtually  constant  if  the  gas  flow  rate  is  decreased  below  a  critical 
value.  This  substantial  change  in  corrosion  behavior  was  attributed 
to  an  acceleration  of  the  gas  exchange  process  by  electrochemical 
hydrogen  consumption. 

Temperature  and  humidity  variation  measurements  show  that 
the  corrosion  behavior  during  start-up  and  shut-down  by  purging 
of  the  anode  compartment  can  significantly  differ  from  the  corre¬ 
lations  obtained  under  controlled  potential  conditions  in  FI2/N2 
mode.  Potential  cycling,  which  is  the  standard  method  to  assess  the 


OCVa  Gas  flow  rate  and 

concentration  of 
H2  and  02  in  anode 
compartment 


Discharge  Gas  flow  rate  and  H2 

modeb  concentration 


Discharge  External  resistance 
mode 


Discharge  Cell  temperature 
modeb 


Discharge  Humidity  of  gases 
modeb 
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stability  of  electrode  materials  against  elevated  potentials,  thus 
only  provides  limited  information  about  start/stop  durability  under 
application  relevant  conditions. 
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